The mitochondrial cytochrome oxidase subunit I (COI) gene and the nuclear elongation factor 1α (EF-1α) gene were sequenced from 13 species of Nymphalidae. Phylogenetic trees of Nymphalidae, which is the largest family in butterflies, were constructed based on the sequences determined from 13 species sequenced in our laboratory and an additional 43 species obtained from GenBank using the maximum likelihood (ML) and Bayesian methods. Relative-rate tests between lineages in these phylogenetic trees were performed. On the basis of the results of the relative-rate tests and fossil information of Satyrinae, Nymphalinae and Biblidinae, the average divergence times among the subfamilies are estimated as 44.2-87.1 million years ago (Ma). These results will be helpful for better understanding of the origin and evolution of this family, as well as the divergence time of butterflies and other complex taxa.
. The Nymphalidae, which is the family with the most known species of butterflies, containing 12 subfamilies, 550 genera and approximately 6000 species, are distributed on all continents except Antarctica [2] [3] [4] [5] . However, as diverse as the shapes and life history of Nymphalidae butterflies are, the phylogenetic relationship among the species in this family has never been clear, and has been argued by taxonomists [2, 3, [6] [7] [8] [9] [10] . The paucity of fossils in most of this family is an impediment to the estimation of age of higher taxa when one is interested in explicitly testing historical biogeographic scenarios. Thus, estimating dates of divergence among subfamilies in Nymphlidae is still important.
Recently, on the basis of molecular and morphological data, Wahlberg et al. [8, [11] [12] [13] investigated the phylogenetic relationships of Nymphalidae, suggesting that this family is monophyletic. Wahlberg used a surprisingly good fossil record for the subfamily Nymphalinae (Lepidoptera: Nymphalidae) to estimate the ages of diversification of major lineages using Bayesian relaxed clock methods. His results suggest that the age of Nymphalidae is older than 70 million years. Therefore, based on the sequences determined from the 13 species in our laboratory and additional sequences of 43 species in GenBank, we estimated the divergence times of all 12 subfamilies from Nymphalidae, which can enhance our understanding of the origin and evolution of this family, and provide a relative basis for estimating the divergence time of butterflies.
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1 Materials and methods
Materials
Sixty-six samples representing all 12 subfamilies (Table  1) were used to resolve the relationships of the major lineages of the family Nymphalidae. All specimens collected from Sichuan Province, Yunnan Province, Guangxi Zhuang Autonomous Reglom, and so on, were preserved by dehydration in small envelopes in the Insect Collection Center of Shanxi University. The method of preservation has been proven to be effective for DNA isolation and PCR amplification. Archiearis parthenias of the Archiearinae was used as an outgroup. In addition, 44 referential DNA sequences were acquired from GenBank (Table 1 ).
DNA sequencing
Genomic DNA was extracted from the legs of adult butterflies. Legs were dissected and digested in 10 mg/mL protein K solution (0.5 mg/mL in 1 × TES, 1% SDS) at 56℃ for 8-12 h. Homogenate was then extracted with routine phenol/chloroform method. The DNA was precipitated with ethanol, washed with 70% ethanol, and dissolved in 30 μL TE buffer (pH 8.0). The samples with satisfactory extraction checked by agarose gel electrophoresis were used for amplification.
Two pairs of primers, HCO and LCO [14] , and C1-J-2183 and TL2-N-3014 [15] , were used to amplify the cytochrome oxidase I (COI) gene of mtDNA. And two pairs of primers, Starsky and Luke, Cho and Verdi, were used to amplify the elongation factor 1α (EF-1α) gene sequence [16] . PCR amplification was carried out in 50 μL of solution containing 50 mmol/L KCl, 10 mmol/L Tris (pH 8.3), 1.5 mmol/L MgCl 2 , 0.1% glutin, 0.25 mmol/L dNTP, 0.6 µmol/L of each primer, 1.5 U Taq DNA polymerase (SABC Inc), and 3 µL template DNA (containing 20-50 ng DNA). Thermal cycle parameters for COI were as follows: 5 min at 95℃; 30 s at 94℃, 30 s at 47℃, 1 min 30 s at 72℃, 35 cycles; 10 min at 72℃. The cycling profile for EF-1α was 95℃ for 7 min, 35 cycles of 95℃ for 1 min, 55℃ for 1 min, 72℃ for 2 min, and a final extension at 72℃ for 10 min. Amplified products were separated on a 1.2% agarose gel, and the target DNA fragment was purified by Gel Extraction Mini Kit (Watson Biotechnologies, Inc) and sequenced using the primers mentioned above on a ABI 377 DNA sequencer at Takara Inc in Dalian, China.
Phylogenetic analyses
All of the sequences obtained have been deposited in Elymnias casiphone DQ338760 DQ338900
Zethera incerta DQ338776 DQ338918
Aeropetes tulbaghia DQ338579 DQ338907
Melanitis leda AY090207 AY090173
Haetera piera DQ018959 DQ018926
Amathusia phidippus DQ018956 DQ018923
Morpho peleides AY090210 AY090176
Satyrinae
Bia actorion DQ338753 DQ338893
Nymphalis l-album AY248791 AY248816
Historis acheronta AY788631 AY788751
Vanessa atalanta AY090221 AY090187
Hypanartia kefersteini AY788640 AY788759
Aglais urticae AY248786 AY248811
Smyrna blomfildia AY788678 AY788816
Nymphalinae Kaniska canace AY248792 AY248817
Dynamine maeon AY090228 AY090196
Byblia anvatara AY788595 AY788697
Eurytela dryope AY218242 AY218262
Ariadne enotrea AY218237 AY218256
Hamadryas februa AY090216 AY090182
Sevenia boisduvali AY218247 AY218267
Callicore pacifica AY788596 AY788698
Nica flavilla AY218245 AY218265
Catonephele numilia AY090215 AY090181
Biblidinae
Myscelia capensis AY788599 AY788701
Parthenos sylvia AY090218 AY090184
Euphaedra herberti AY218241 AY218261
Limenitis reducta AY090217 AY090183
Cyrestis thyodamas AY218240 AY218260
Chersonesia rahria AY788601 AY788703 Cyrestinae
Marpesia orsilochus AY788604 AY788706
Amnosia decora AY218235 AY218254
Stibochiona nicea AY218249 AY218269
Pseudergolis wedah AY788605 AY788707 Pseudergolinae
Dichorragia nesimachus AY788602 AY788704
Argynnis paphia AY090200 AY090166
Clossiana selene AY090201 AY090167
Heliconius hecale AY090202 AY090168 Heliconiinae
Vagrans egista
AY090203 AY090169
Archiearinae (outgroup) Archiearis parthenias DQ018928 DQ018899 a) Sequenced in this study.
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GenBank (Table 1) . The assembled sequences were aligned using Clustal X version 1.83 [17] , and checked manually. The combined data set of the mitochondrial COI gene and the nuclear EF-1α gene sequences was tested for incongruence with the partition homogeneity test [18] as implemented in PAUP* [19] . Even with significant incompatibility between different DNA data sets (P<0.001), a combined analysis can still produce a satisfactory estimation of phylogenetic relationships by using the maximum likelihood (ML) method rather than the maximum parsimony (MP) method [20] . The phylogenetic trees were constructed with ML method by using the program RAxML 7.0.0 [21] and Archiearis parthenias was used as an outgroup. The optimum substitution models were first determined by the programs Modeltest, version 3.7 [22] , and PAUP*, version 4.0b4a. The AIC results from Modeltest provided the GTR + I + Γ model as the best fit to substitution model. The ML tree was then constructed in RAxML using the GTR + I +Γ model. Branch support was estimated with 1000 bootstrap replicates in ML.
Estimation of divergence times
Relative-rate tests and likelihood ratio tests for total nucleotide substitutions between lineages in the phylogenetic trees were estimated by using the RRTREE and PAUP* software, respectively. The results acquired from the above two tests both rejected the molecular clock hypothesis. Thus, the divergence times among subfamilies in Nymphalidae should be estimated by using the relaxed molecular clock model.
We implemented a Bayesian Markov Chain Monte Carlo (MCMC) algorithm for estimating divergence times of subfamilies in Nymphalidae that uses heterogeneous data from two genes and accommodates multiple fossil calibration nodes. Based on HKY85 + Γ 5 model, divergence time estimation using the Bayesian relaxed clock were calculated using the program MCMCTREE from the PAML package. A birth-death process with species sampling is used to specify a prior for divergence times. In this investigation, we adopt 6 fossils in which 4 are species in Nymphalinae. Three of these 4 fossils were found in the Florissant formation in Colorado, which was formed in the early Oligocene and are thought to be about 34 Ma in age. One of them is Vanessa amerindica, and the other two are Prodryas Persephone and Lithopsyche styx, which are thought to be related to the extant genus Hypanartia. The fourth fossil is a hind wing that has been assigned to the extant genus Aglais, which was found in the Karagan deposits from the Miocene and has been dated at 14 Ma [1] . The fifth fossil is Dynamine alexaen deposits from the Miocene [26] . The age of the final fossil is about in the Eocene, about 48-51 Ma. The species represented by this fossil belongs to Satyrinae and is close to species in Elyminiini [27] . Fossil date estimation is not perfect and usually provides only an indication of the probability that species arose in some interval of time. Previous attempts to model this uncertainty assume the calibration age is uniformly distributed between two bounds. We used Γ distribution with the lower (2.5%) and upper (97.5%) bounds to determine 6 fossils. The MrBayes analysis was run with four MCMC chains, and then a burn-in period of 1000 cycles of proposed changes to the current state of the Markov chain was completed before parameters were sampled from the chain. After the burn-in period, the Markov chain was run for 200000 cycles. For each analysis, the MCMC algorithm was run at least twice using different starting values to confirm convergence to the same posterior. In addition, divergence times among subfamilies in Nymphalidae were estimated by setting up taxon subsets according to the difference subfamilies and auto-optimize analyses through using BEAST v1.4.6 software [28] .
Results and discussion
The traditional taxonomy in the subfamily Nymphalidae is mainly based on morphological and/or biogeographic characteristics, including life history and host-plant. However, as the diversity as the shapes and life history of Nymphalidae butterflies are, the phylogenetic relationships of the species in this family have been argued by taxonomists. Harvey [10] reported that Nymphalidae should include the 13 subfamilies, Heliconiinae, Nymphalinae, Limenitidinae, Charaxinae, Apaturinae, Morphinae, Brassolinae, Satyrinae, Calinaginae, Danainae, Tellervinae, Ithominae and Libytheinae. Whereas, Nymphalidae systematics reviewed by Chinese taxonomists, which were mainly classified on the basis of morphological characteristics [2, 3, 6] are still in a state of flux and the delineation of Nymphalidae has not yet reached stability, though there is a growing consensus on the classification of Chou [2, 3] . Chou [2] placed species of Chinese Nymphalidae into 10 subfamilies, namely Charaxinae, Heliconiinae, Apaturinae, Pseudergolinae, Argynninae, Limenitinae, Biblidinae, Cyrestidinae, Nymphalinae and Calinaginae. In additional, Chou classified Satyrinae and Danainae as Satyridae and Danaidae, respectively. The systematics of Nymphalidae butterflies has been studied by many authors for a long time, and the circumscriptions of the subfamily Nymphalinae have been changed many times over the past decades. At present, the systematics of Nymphalidae, which are acknowledged by most of taxonomists, includes 12 subfamilies, Heliconiinae, Nymphalinae, Limenitidinae, Charaxinae, Apaturinae, Calinaginae, Satyrinae, Cyrestidinae, Pseudergolinae, Danainae, Biblidinae and Libytheinae. Recently, there has been surge of studies for various groups in Nymphalidae, but phylogenetic relationships among subfamilies in this family are still unresolved. Therefore, the phylogenetic relationships
among all subfamilies of Nymphalidae are a precondition for estimating the fossil-based divergence time among subfamilies in this family. Phylogenetic reconstructions based on the combined data using ML method revealed that species of each subfamily except Satyrinae clustered different groups with relatively strong support (Bootstrap value > 82%). For example, the bootstrap values for the clades of Cyrestidinae, Charaxinae, Apaturinae, Heliconiinae, Limenitidinae, Danainae and Biblidinae are over 95%. The results showed that each subfamily in Nymphalidae formed a monophyletic group. The molecular evidence also suggested a basal position of the Libytheinae with respect to the remaining Nymphalidae. Bootstrap values for clades grouped by Heliconiinae and Limenitidinae as well as Satyrinae, Charaxinae and Calinaginae are 100%. Our data suggested that clades of Nymphalinae and Apaturinae were sister groups, clade of Cyrestidinae was sister to clade of Biblidinae, and clade of Pseudergolinae was a sister to ((Nymphalinae + Apaturinae) + (Cyrestidinae + Biblidinae)) with strong support (Bootstrap value = 90%). Except for position of the Calinaginae, phylogenetic reconstructions based on the combined data using ML method are consistent with phylogenetic hypotheses of Nymphalidae in previous studies [11, 20, 29, 30] , providing significant information for estimating the divergence times among subfamilies in Nymphalidae. Figure 1 shows that the posterior means and 95% credibility intervals (CIs) of the divergence times among subfamilies in Nymphalidae. The first divergence time in Nymphalidae is about 87.1 (68.9, 120.7) Ma. This conclusion is consist with the previous result that the age of Nymphalidae is estimated as over 70 Ma based on fossils and historical biogeography events by Walhberg [1] . The average divergence times and 95% CIs between lineages in the ML phylogenetic trees were therefore estimated as follows: (i) the average divergence time and 95% CIs between Danainae and remaining subfamilies in Nymphalidae except Libytheinae is 71.0 (60.4, 87.4) Ma; (ii) the average divergence time and 95% CIs between two subfamilies, Charaxinae and Satyrinae, is 53.9 (50.2, 59.2) Ma; (iii) the average divergence time and 95% CIs between the subfamily Pseudergolinae and the other four subfamilies, namely Cyrestidinae, Apaturinae, Nymphalinae and Biblidinae, is 49.8 (45.6, 59.4) Ma; (iv) the average divergence time and 95% CIs between Apaturinae and Nymphalinae is 44.2 (39.0, 49.0) Ma; (v) the average divergence time and 95% CIs between two subfamilies, Limenitidinae and Heliconiinae, is 48.6 (43.0, 58.3) Ma; and (vi) the average divergence time and 95% CIs between two subfamilies, Cyrestidinae and Biblidinae, is 44.4 (39.8, 49.4) Ma. In conclusion, the average divergence times among the subfamilies in Nymphalidae are estimated as 44.2-87.1 million years ago. Similar results are obtained by using BEAST v1.4.6 software, suggesting that the divergence times among the subfamilies in Nymphalidae are stable and credible.
So far, there are 50 fossils of butterfly adults found from Paleocene to Miocene in the world, in which the species represented by 33 fossils are the same as extant butterfly species. At present, due to several kinds of reasons, only a few of the butterfly fossils were found. The scarcity of butterfly fossils results in a difficulty to discuss the evolution rules of butterfly populations. The estimation on the divergence times of Nymphalidae in this paper provides a new approach to exploring the life evolution of early butterflies. These results not only can be used to validate the traditional conclusions based on butterfly fossils, but also have an important significance for inferring the origin of butterflies based on incomplete fossils, and will be helpful for exploring principles of phylogenesis and evolution in butterflies. In particular, similar to this approach, one can discuss and infer the original times of other complex groups of insects at molecular level based on Genbank and fossils, although ancient DNA evidence is incomplete. 
